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Methods: Up to 1633 men and women from the MRC National Survey of Health and Development with repeat
measures of BMI across adulthood and posterior-anterior dual-energy X-ray absorptiometry bone mineral den-
sity images of the proximal femur recorded at age 60–64 were included in analyses. Statistical shape modelling
was applied to quantify independent variations in hipmode (HM), of which the ﬁrst 6 were examined in relation
to: i) BMI at each age of assessment; ii) BMI gain during different phases of adulthood; iii) age ﬁrst overweight.
Results:Higher BMI at all ages (i.e. 15 to 60–64) and greater gains in BMIwere associatedwith higherHM2 scores
in both sexes (with positive HM2 values representing a shorter femoral neck and a wider and ﬂatter femoral
head). Similarly, younger age ﬁrst overweight was associatedwith higher HM2 scores but only inmen once cur-
rent BMI was accounted for.
In men, higher BMI at all ages was also associated with lower HM4 scores (with negative HM4 values
representing a ﬂatter femoral head, a wider neck and smaller neck shaft angle) but no associations with BMI
gain or prolonged exposure to high BMIwere found. Less consistent evidence of associationswas found between
BMI and the other four HMs.
Conclusion: These results suggest that BMI across adulthood may be associated with speciﬁc variations in hip
shapes in early old age.nc. This is an op©2017 TheAuthor(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Obesity is a major global public health concern because of its nega-
tive impact on multiple disease processes and body systems. As the
global prevalence of obesity continues to increase [1–3], disorders of
the musculoskeletal system are expected to become more common es-
pecially in older populations at highest risk of these conditions [4], as
excessive body weight may cause deleterious alterations to the struc-
ture of the bones and joints [5].
The relationship between obesity and chronic musculoskeletal con-
ditions in adulthood has been widely studied. Epidemiological evidenceen access article undhas demonstrated that obesity is an important risk factor for develop-
ment of knee [6], and hand osteoarthritis (OA) [7], with less consistent
ﬁndings for hip OA [8,9]. Obesity is also associatedwith increased risk of
ankle and upper leg fractures [10,11], whereas low BMI has been asso-
ciated with increased risk of hip fracture in women [10,12]. However,
many of the studies examining associations of BMI with musculoskele-
tal outcomes have relied on the assessment of BMI at a single time-
point. An exception are prior ﬁndings from the MRC National Survey
of Health and Development (NSHD) that have shown associations of
prolonged exposure to high BMI with increased risk of knee OA at age
53 [13], and decreased risk of low hip bonemineral density (BMD) [14].
The grossmorphology of the proximal femur is a recognised factor in
both hip OA and femoral neck fracture. Hipmorphometry has tradition-
ally used geometrical measures [15,16], but recent studies using statis-
tical shape modelling (SSM) have shown more subtle and coordinated
changes in shape that are associated with fracture risk [17–19]. Iner the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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gruence between the shapes of the femoral head and the acetabulum,
is increasingly recognised as a risk factor for hip OA [20,21], and SSM
has been able to provide quantitativemeasures of joint shape associated
with risk of its incidence and progression [22–25].
The relationships of BMI and joint shape with musculoskeletal dis-
eases led us to hypothesise that BMI across adulthoodmaybe associated
with hip shapewith important implications for bone and joint disorders
in older adults. It is plausible that excess body weight may inﬂuence
non-optimal shape of the hip joint via mechanical, inﬂammatory or
other metabolic pathways. However, it is unclear whether associations
exist between BMI across adulthood and hip shape in later life. It is
also not clear whether greater gains in BMI during certain stages of
adulthood or cumulative exposure to high BMI are particularly impor-
tant. This information may provide insight about the most effective op-
portunities for intervention.
We utilised data from the NSHD to examine the relationships be-
tween BMI across adulthood and hip shapes at age 60–64. We aimed
to investigate the associations of hip shapes at age 60–64 with: (i)
BMI from age 15; (ii) BMI gain during different periods of adulthood,
and (iii) length of exposure to overweight during adult life.
2. Methods
2.1. Study sample
The NSHD is a socially stratiﬁed sample of 5362 single, legitimate
births that occurred in England, Wales and Scotland in one week of
March 1946 and participants have been prospectively followed regular-
ly ever since [26,27]. Between 2006 and 2010 (at 60–64 years), eligible
participants known to be alive and living in England, Wales and Scot-
land were invited for an assessment at one of six clinical research facil-
ities (CRF) or to be visited at home by a research nurse. Of the 2856
invited, 2229 were assessed of whom 1690 attended a CRF. Approval
for the studywas obtained from the CentralManchester Research Ethics
Committee (07/H1008/245) and the Scottish A Research Ethics Com-
mittee (08/MRE00/12) and written informed consent was obtained
from each participant.
2.2. Radiological assessment
During the CRF visit, dual-energy X-ray absorptiometry (DXA) hip
scans were acquired for BMD using a QDR 4500 Discovery scanner
(Hologic Inc., Bedford, MA) by trained technicians following standard
written and video protocols [14]. A single scan of the left hip was per-
formed (unless contra-indicated by a prosthesis in the left hip, in
which case the right hip was scanned (n = 63)). Individuals were
scanned in the supine position with feet rotated internally by 15° and
strapped to a foot brace placed centrally between the feet to ensure
anteverted femoral was parallel to the table. All scans were assessed
for image quality and quantitative analysis by JEA's laboratory.
For quality assurance, the Hologic Spine Phantom provided by the
scanner manufacturer was scanned daily prior to participant scanning
and in accordance with manufacturer's protocols, and the results were
sent to the coordinating centre once a month for scrutiny [14]. Cross-
calibration was achieved between centres using the European Spine
Phantom [28].
2.3. Statistical shape modelling
Of the 1636 participants who had a hip DXA scan at age 60–64, 3 im-
ages were excluded after a review of all images and a consensus meet-
ing of three investigators (RJB, JSG & FRS), due to extreme internal
rotation of the joint shown by foreshortening of the femoral neck, leav-
ing 1633 images to build the hip statistical shape modelling. SSM of
these images has been described in detail previously [29]. Brieﬂy, anSSM template consisting of 68 points was utilised. Procrustes transfor-
mation rotated and scaled the images before principal component anal-
ysis was applied to generate the independent orthogonal modes of
variation. Each mode describes in descending order the percentage of
variance standardised to a mean of 0 and standard deviation (SD) of 1.
The variance was plotted against each mode in a scree plot and from
this six modes of variance were selected for study using a cut-off of 5%
variance; these six modes together explained 69% of overall shape
variance.
2.4. Measurement of BMI and overweight history
Weight and height were measured by nurses using standardised
protocols at ages 15, 36, 43, 53 and 60–64 years and self-reported at
ages 20 and 26. BMI (weight (kg) / height (m2)) was then calculated
at each age. BMI measures from age 20 were used to derive a variable
with 6 categories indicating the age an individual ﬁrst became over-
weight (i.e. BMI ≥ 25 kg/m2) as follows: 20 or 26; 36; 43; 53; 60–64;
never overweight.
2.5. Statistical analysis
Linear regression models were used to investigate associations of
BMI at each age (from 15 to 60–64) with each hip mode (HM) (aim
1). Tests of deviation from linearity were performed by including qua-
dratic terms and, where evidence of this was found, tests for linear
trend across sex-speciﬁc ﬁfths were undertaken. At each age the maxi-
mum number of participants with valid data at that age were included
in the model.
To investigate whether BMI gain during different periods of adult-
hoodwas differentially associatedwith each HM(aim 2), we ﬁrst calcu-
lated change in BMI in early (20 to 36 years), mid (36 to 53 years) and
later adulthood (53 to 60–64 years) conditional on earlier BMI by
regressing each BMI measure on the earlier measure(s) for each sex
and calculating the residuals. The residuals were standardised (mean
= 0 and SD = 1) to allow comparability between the different periods
[13]. Linear regression models that included the standardised residuals
for all three intervals of BMI change and each HMwere then run using
the sample with complete data on BMI change and HMs (n = 1190).
Wald tests were used to formally compare the coefﬁcients.
To examine whether greater length of exposure to overweight dur-
ing adult life was associated with each HM (aim 3), linear regression
models were used to test the associations of the variable indicating
age ﬁrst overweightwith eachHM, using never overweight as the refer-
ence. These models were run unadjusted and also with adjustment for
current BMI using a sample with complete data on overweight history
and HMs (n= 1354).
All analyses were carried out separately for men and women, with
sex interactions formally assessed using likelihood ratio tests (LRT).
STATA v14.1 was used.
3. Results
The characteristics of the study sample are shown in Table 1. Mean
BMI increased with increasing age and there were sex differences in
BMI until age 53.
There were sex differences in all HMs except HM5 (Table 1). Men
had positive mean scores for HM1, 2, 4 and 6 but negative mean scores
for HM3, whereas women had negative mean scores for all modes ex-
cept HM3 (Table 1). Descriptions and illustrations of key features of
each HM are presented in Fig. 1, Table S1 and Fig. S1 [29].
3.1. HM 1
There were no associations between BMI and HM1, except at age 15
when higher BMI was weakly associated with higher HM1 scores in
Table 1
Characteristics of participants from the MRC National Survey of Health and Development
with data on hip shape at age 60–64, stratiﬁed by sex.
Males Females p-value⁎
N N
Sex, n (%) 779 779 (47.7) 854 854 (52.3)
Age at nurse visit (years);
mean (SD)
779 63.2 (1.15) 854 63.3 (1.07) 0.2
Mean (SD) BMI (kg/m2) at age (y);
15 608 19.6 (2.36) 657 20.6 (2.74) b0.001
20 626 22.4 (2.32) 719 21.7 (2.76) b0.001
26 676 23.0 (2.68) 760 22.0 (2.93) b0.001
36 701 24.4 (2.87) 779 23.1 (3.41) b0.001
43 732 25.3 (3.08) 807 24.6 (4.13) b0.001
53 727 27.0 (3.65) 823 26.8 (5.0) 0.4
60–64 778 27.7 (3.94) 854 27.5 (5.17) 0.4
Age overweight (y); n (%) 653 701 b0.001
Never overweight 109 (16.7) 179 (25.5)
20 or 26 165 (25.3) 119 (17.0)
36 136 (20.8) 79 (11.3)
43 97 (14.9) 96 (13.7)
53 103 (15.8) 163 (23.3)
60–64 43 (6.5) 65 (9.3)
Hip modes; mean (SD)
HM1 779 0.22 (1.00) 854 −0.20 (0.95) b0.001
HM2 779 0.20 (1.02) 854 −0.18 (0.95) b0.001
HM3 779 −0.25 (1.02) 854 0.23 (0.92) b0.001
HM4 779 0.22 (1.06) 854 −0.20 (0.90) b0.001
HM5 779 0.02 (1.04) 854 −0.02 (0.97) 0.4
HM6 779 0.20 (0.97) 854 −0.18 (0.99) b0.001
⁎ comparison of sexes using student t-test or chi-square tests as appropriate.
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were associated with lower HM1 scores in men only (p-value for sex
interaction = 0.05), with evidence that the effect in this age period
was stronger than the effect between 36 and 53 (p-value from Wald
test = 0.04) (Table 3). There was no evidence of association between
age ﬁrst overweight and HM1 scores in either sex (Table S2).3.2. HM 2
At all ages, higher BMI was associated with higher HM2 scores in
both sexes (p-values for sex interactions N 0.1) (Table 2). Greater
gains in BMI across all three age periods were associated with higher
HM2 scores in women and in the ﬁrst two age periods in men (Table
3). Age ﬁrst overweight was non-linearly associated with higher HM2
scores in both sexes with stronger associations observed in men (p-
value for sex interaction = 0.003). Adjustment for current BMI attenu-
ated associations in both sexes but non-linear relationships remained in
men (Fig. 2(a), Table S2).Fig. 1. Line drawings of hip modes (HM) 2 and 4 showing ±2 standard deviations (SD)
from mean hip shape.3.3. HM 3
Amongmen, there were no clear and consistent patterns of associa-
tions of BMI with HM3 (Tables 2-3 and S2). In contrast, higher BMI was
associated with higher HM3 scores in women from age 20 with evi-
dence that these associationswere strengthening from age 43 (p-values
for sex interactions b 0.01 except at ages 15 and 26) (Table 2). Greater
BMI gain between ages 20 and 36 was associated with higher HM3
scores in women but no associations were observed with BMI gain dur-
ing later periods (Table 3). No association was found between age over-
weight and HM3 in women (Table S2).
3.4. HM 4
Higher BMI at all adult ageswas associatedwith lowerHM4 scores in
men (p-values for sex interactions b 0.05 except age 26) (Table 2).
Greater BMI gain between ages 20 and 36 was weakly associated with
lower HM4 scores in men but there were no associations with BMI
gain at later ages (p-values fromWald tests N 0.1) (Table 3). Similarly,
men who became overweight at younger ages had lower HM4 scores
than thosewhowere never overweight, and therewas evidence of a lin-
ear trend (p-value for trend = 0.02) but this was attenuated after
adjusting for current BMI (Fig. 2(b), Table S2). Among women, there
were no clear and consistent patterns of associations of BMI with HM4
(Tables 2-3, S2 and Fig. 2(b)).
3.5. HM 5
Higher BMI up to and including age 36 was associated with higher
HM5 scores in women but no associations were found between BMI at
any age and HM5 in men (p-values for sex interactions N 0.2 at all
ages) (Table 2). There was no evidence of association between BMI
gain (Table 3) or age ﬁrst overweight with HM5 in either sex (Table S2).
3.6. HM 6
Amongmen, therewas some indication that higher BMI from age 20
was associatedwith higher HM6 scores, albeit non-signiﬁcant (Table 2).
Greater gains in BMI between ages 53 and 60–64, but not in other pe-
riods, were also weakly associated with higher HM6 scores in men; al-
though there was little evidence to suggest differences in effect sizes
in the three periods (p-values fromWald tests N 0.1) (Table 3). No linear
association was found between age overweight and HM6 inmen (Table
S2).
In women, there were no clear and consistent patterns of associa-
tions of BMI with HM6 (Tables 2-3 and S2).
4. Discussion
4.1. Summary of main ﬁndings
To our knowledge, this is the ﬁrst study to investigate the associa-
tions of BMI across adulthood and the impact of prolonged exposure
to high BMI on hip shape in early old age. We found that higher BMI
and greater BMI gain across adulthood was associated with higher
HM2 scores in both sexes. Age at ﬁrst becoming overweight was non-
linearly associated with higher HM2 scores but this association was
only retained in men once current BMI was accounted for. In women,
there were also associations of higher BMI from age 43 and greater
BMI gain in early adulthood with HM3; and for HM5 with higher BMI
in early adulthood. In men, there were associations between higher
BMI throughout adulthood and lower HM4 scores but no associations
with BMI gain or prolonged exposure to high BMI. No clear evidence
of associations were found between BMI and HM1 or HM6.
Table 2
Associations between BMI at ages 15 to 60–64 and hip modes (HM) 1 to 6 at 60–64 years in the MRC NSHD, by sex.
BMI per 1 kg/m2 at age: Men P valuea Women P valuea
β (95%CI) β (95%CI)
HM 1
15 0.014 (−0.019, 0.048) 0.4 0.027 (0.001, 0.054) 0.04
20 0.010 (−0.024, 0.045) 0.6 0.013 (−0.012, 0.038) 0.3
26 0.016 (−0.012, 0.044) 0.3 0.018 (−0.005, 0.041) 0.1
36 −0.005 (−0.031, 0.020) 0.7 0.005 (−0.015, 0.025)c 0.6
43 −0.002 (−0.025, 0.022) 0.9 0.002 (−0.014, 0.018)c 0.8
53 0.003 (−0.017, 0.023) 0.8 0.001 (−0.012, 0.015)c 0.8
60–64 −0.009 (−0.027, 0.009) 0.3 0.001 (−0.011, 0.013) 0.9
HM 2
15 0.065 (0.031, 0.098) b0.001 0.075 (0.049, 0.101) b0.001
20 0.06 (0.025, 0.095)c 0.001 0.071 (0.046, 0.096) b0.001
26 0.071 (0.042, 0.099) b0.001 0.068 (0.045, 0.090) b0.001
36 0.065 (0.039, 0.091) b0.001 0.052 (0.033, 0.072) b0.001
43 0.054 (0.030, 0.077) b0.001 0.045 (0.030, 0.061) b0.001
53 0.050 (0.030, 0.07) b0.001 0.039 (0.027, 0.052) b0.001
60–64 0.048 (0.030, 0.066) b0.001 0.040 (0.028, 0.052) b0.001
HM 3
15 −0.001 (−0.035, 0.033)c 0.9 −0.022 (−0.048, 0.003) 0.09
20b −0.032 (−0.065, 0.001) 0.06 0.012 (−0.013, 0.037) 0.3
26 −0.0003 (−0.028, 0.028) N0.9 0.015 (−0.007, 0.038) 0.2
36b −0.016 (−0.042, 0.009)d 0.2 0.018 (−0.001, 0.037) 0.07
43b −0.017 (−0.040, 0.007)c 0.2 0.016 (0.001, 0.032) 0.04
53b −0.011 (−0.032, 0.009) 0.3 0.014 (0.001, 0.026) 0.03
60–64b −0.010 (−0.028, 0.008) 0.3 0.015 (0.003, 0.027) 0.01
HM 4
15b −0.094 (−0.129,−0.059) b0.001 −0.006 (−0.032, 0.019) 0.6
20b −0.052 (−0.087,−0.017) 0.004 −0.0004 (−0.024, 0.024) N0.9
26 −0.036 (−0.066,−0.006) 0.02 −0.008 (−0.029, 0.014) 0.5
36b −0.043 (−0.071,−0.016) 0.002 0.005 (−0.013, 0.023) 0.6
43b −0.039 (−0.064,−0.014) 0.002 0.002 (−0.013, 0.017) 0.8
53b −0.035 (−0.056,−0.013) 0.001 0.005(−0.007, 0.017) 0.4
60–64b −0.026 (−0.045,−0.007) 0.007 0.003 (−0.009, 0.015) 0.6
HM 5
15 0.031 (−0.004, 0.067) 0.08 0.050 (0.024, 0.076) b0.001
20 0.02 (−0.016, 0.056) 0.3 0.042 (0.017, 0.067) 0.001
26 0.014 (−0.016, 0.043) 0.4 0.036 (0.013, 0.059) 0.002
36 0.019 (−0.007, 0.046) 0.2 0.021 (0.001, 0.04)c 0.04
43 0.008 (−0.017, 0.032) 0.5 0.011 (−0.005, 0.028) 0.2
53 0.009 (−0.011, 0.03) 0.4 0.007 (−0.006, 0.021) 0.3
60–64 −0.0003 (−0.019, 0.018)c N0.9 0.012 (−0.001, 0.024) 0.06
HM 6
15 −0.007 (−0.039, 0.025) 0.7 −0.015 (−0.042, 0.013) 0.3
20 0.021 (−0.012, 0.053) 0.2 −0.001 (−0.028, 0.025) 0.9
26 0.0002 (−0.027, 0.027) N0.9 −0.007 (−0.031, 0.017) 0.6
36 0.020 (−0.005, 0.044) 0.1 0.0003 (−0.020, 0.021) N0.9
43 0.016 (−0.007, 0.038) 0.2 −0.003 (−0.019, 0.014) 0.8
53 0.015 (−0.004, 0.034) 0.1 0.005 (−0.009, 0.019) 0.5
60–64 0.017 (−0.001, 0.034)c 0.06 0.001 (−0.012, 0.014) 0.8
Models are run on the maximum available N at each age (See Table 1).
a Wald's p value.
b sex-interaction p b 0.05.
c signiﬁcant quadratic term but deviation from linearity was not conﬁrmed when BMI was modelled as sex-speciﬁc ﬁfths.
d non-linear relationship (LRT for quadratic term, p= 0.014) but weak overall LRT for BMI (p= 0.051).
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In our study, positive HM2 scores reﬂect a shorter femoral neck and
wider and ﬂatter femoral head (Fig. 1a, Table S1). These shapes are sim-
ilar in appearance to those described for a cam ormixed femoro-acetab-
ular impingement (FAI)which, in turn,may indicate a higher risk of OA.
A cam FAI is characterised by thicker cortex in the lateral femoral neck
resembling a ‘pistol-grip’ deformity [30], more common in men [20].
We found higher BMI at all ages, greater BMI gain until midlife, and
younger age atﬁrst becoming overweight (independent of current BMI)
to be associated with higher HM2 scores in men. In women, similar
trends were evident except for age at becoming overweight which
was explained by current BMI. That associations of age overweightwith HM2 were fully attenuated after adjustment for current BMI in
women but not in men may be due to stronger tracking of BMI across
adulthood inwomen [13]. Alternatively, it could be explained by sex dif-
ferences in body composition; although BMI is a widely used marker of
adiposity in adults, higher BMI in earlier adulthoodmay be indicative of
greatermusclemass inmen. The consequence of this is that using a cut-
point for overweight of ≥25 kg/m2may have led to themisclassiﬁcation
of men with higher lean mass. This seems to be supported by ﬁndings
from sensitivity analyses in which there was a non-linear association
between age at ﬁrst becoming obese (BMI ≥ 30 kg/m2) and higher
HM2 scores in women only which attenuated after adjustment for cur-
rent BMI (Table S3). In NSHD, detailed measures of body composition
were only available at 60–64 years; associations observed between
Table 3
Associations between BMI gain during different periods of adulthood and hip modes 1 to 6 at age 60–64 in the MRC NSHD, by sex.
Interval of BMI change (age (y)) Men (n= 544) P value† Women (n= 646) P value†
β (95%CI) β (95%CI)
HM 1
20 to 36 −0.025 (−0.115, 0.065) 0.6 −0.002 (−0.077, 0.072) N0.9
36 to 53 0.028 (−0.064, 0.119)a 0.6 0.031 (−0.043, 0.104) 0.4
53 to 60–64⁎ −0.109 (−0.200,−0.018) 0.02 0.009 (−0.067, 0.086) 0.8
HM 2
20 to 36 0.149 (0.056, 0.242)b 0.002 0.104 (0.028, 0.18) 0.007
36 to 53 0.113 (0.017, 0.208) 0.020 0.108 (0.033, 0.183) 0.005
53 to 60–64 0.014 (−0.08, 0.109) 0.8 0.083 (0.005, 0.16) 0.04
HM 3
20 to 36 0.006 (−0.08, 0.092) 0.9 0.097 (0.025, 0.169) 0.009
36 to 53 −0.0005 (−0.089, 0.088) N0.9 0.006 (−0.066, 0.077) 0.9
53 to 60–64 −0.011 (−0.099, 0.077) 0.8 0.063 (−0.012, 0.137) 0.1
HM 4
20 to 36⁎ −0.094 (−0.189, 0.001) 0.05 0.035 (−0.035, 0.106) 0.3
36 to 53 −0.054 (−0.151, 0.043) 0.3 0.002 (−0.067, 0.072) 0.9
53 to 60–64 0.014 (−0.082, 0.111) 0.8 0.012 (−0.060, 0.085) 0.7
HM 5
20 to 36 0.015 (−0.08, 0.111) 0.7 0.015 (−0.058, 0.089) 0.7
36 to 53 0.023 (−0.075, 0.121) 0.6 0.007 (−0.066, 0.08) 0.8
53 to 60–64 −0.023 (−0.12, 0.074) 0.6 0.029 (−0.047, 0.104) 0.5
HM 6
20 to 36 0.004 (−0.08, 0.089) 0.9 −0.001 (−0.079, 0.077) N0.9
36 to 53 −0.014 (−0.1, 0.072) 0.7 0.004 (−0.074, 0.081) 0.9
53 to 60–64 0.089 (0.003, 0.174) 0.04 −0.008 (−0.088, 0.072) 0.8
Notes: The coefﬁcients from these models can be interpreted as the inﬂuence of change in BMI in the speciﬁed period above or below that expected given earlier BMI on HM scores.
Coef. N 0: greater gain in BMI (i.e. +1 SD in BMI residuals) in the speciﬁed age interval associated with 1SD increase in the hip mode score.
Coef. b 0: greater gain in BMI (i.e.−1 SD in BMI residuals) in the speciﬁed age interval associated with 1SD decrease in the hip mode score.
† FromWald test.
⁎ P value for sex interaction ≤ 0.05.
a Association between weight gain from 36 to 53 years and HM1 was larger than the association from 53 to 60–64years, (Wald test p value of the difference between the two
coefﬁcients = 0.04).
b Association between weight gain from 20 to 36 years and HM2 was larger than the association from 53 to 60–64years (Wald test p value of the difference between the two
coefﬁcients = 0.05).
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ther analyses showed a linear association between higher appendicular
lean mass and higher HM2 scores in both sexes after adjusting for fat
mass, whereas fat mass was associated with higher HM2 scores in
women only (after adjusting for appendicular lean mass), (data not
shown).
Our ﬁndings of linear associations across the full distribution of BMI
also suggest that low BMImay have an effect on hip shape. Intriguingly,
the shapes identiﬁed by scores at the negative end of HM2 (i.e. longer
and thinner femoral necks with a greater neck-shaft angle) are similar
to those previously found to confer a greater risk of hip fracture [17,
18]. In other studies, including measures of BMD and structure further
improved the prediction of hip fracture [17,31], but no corresponding
correlation was found with low BMD [26], indicating that shape and
BMDmay be separately regulated.
In this study, negative values of HM4 representﬂattening of the fem-
oral head and a decrease in neck-shaft angle (Fig. 1b), shape changes
that have previously been associatedwith OA [22]. We found sex differ-
ences in associations of HM4 with BMI at all ages and age ﬁrst over-
weight, with much stronger, consistent evidence of associations in
men. As for HM2, these differences may be due to sex differences in
body compositionwith associations observed inmen potentially related
to variations in lean mass. That we also found sex differences with BMI
gain in early adulthood lends this further support, as BMI gain in early
adulthood in men may reﬂect the accrual of muscle mass.
Shapes described by positive scores for HM3 (Fig. S1 and Table S1)
are similar to those describing a possible pincer FAI, with a greater ex-
tension to the acetabular rim. This is less common than a cam FAI and
more common inmiddle-agedwomen [32]. Inwomen,we found strong
positive associations of HM3 with higher BMI in later midlife andgreater gains in BMI in early adulthood but not with age ﬁrst over-
weight. In addition, there was some evidence of associations for HM5
with higher BMI in early adulthood but not with BMI gain or age ﬁrst
overweight. These associations may be explained by BMI gain during
childhood and/or puberty which tracked into adulthood. Previous re-
search in this cohort has shown high relative weight in childhood was
associated with high BMI in adulthood [33]. Similarly, other research
in NSHD has shown that changes in BMI from childhood to adolescence
were associated with knee OA at age 53 [13] and with hip BMD in
women [14].
4.3. Methodological considerations
One key strength of this study is the use of a large nationally repre-
sentative sample of older adults with repeat prospectivemeasurements
of BMI at regular intervals across adulthood whichwere assessed by re-
search nurses at all but two ages.
Several important limitations must also be considered. Firstly, DXA
hip images were captured at a single time-point. Therefore, we are un-
able to separate age-related morphologic changes from changes that
may have occurred as a consequence of joint disorders such as hip OA.
Secondly, although the SSMmethod has previously been used to identi-
fy individuals at risk of incidence and progression of hip OA [23–25],
total hip replacement [22], or osteoporotic hip fracture [17–19], we
lack data on these outcomes. This warrants future investigation; the
hip shapes associated with obesity in this study have previously been
associated with bone and joint disorders [17–25]. Thirdly, the amount
of pelvic fat will affect the position of the joint between the beam source
and the detectors and hence may introduce projection errors affecting
the scaling. However, this will have been removed by the scaling
Fig. 2.β coefﬁcient and 95%CI per 1 SD increase in (a)HM2, (b)HM4, unadjusted (openmarkers) and adjusted for BMI at age 60–64 years (ﬁlledmarkers). Note: Thepoint estimates show,
from left to right, decreasing length of time since becoming overweight and the reference category was those who were never overweight or obese at all adult ages (from ages 20
onwards). Sample included 653 men and 701 women. Markers: circles (○) for men; diamonds (◊) for women. HM, hip mode.
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though the feet are positioned routinely in internal rotation,we have no
way of controlling for variation in the rotation of the proximal femur.
Fourthly, our analyses were minimally adjusted and so ﬁndings may
be explained by residual confounding by factors such as socioeconomic
position, physical activity and BMD. Fourthly, in this cohort few individ-
uals remained underweight (BMI b 20 kg/m2) across adulthood where-
by we were unable to reliably determine the risk associated with
prolonged exposure to underweight. In addition, the measure of over-
weight history used in these analyses assumed that once an individual
became overweight they remained overweight. When this assumption
was tested we found it to hold; 79% of those classiﬁed as ﬁrst over-
weight between ages 20/26 and 53 were overweight at all subsequent
assessments. Further sensitivity analyses excluding those participants
who were not consistently overweight showed similar associations
(data not shown)when comparedwith ﬁndingswhich included all par-
ticipants (Table S2), also suggesting that this assumption was reason-
ably well met. Another limitation is that our analyses were restricted
to the sample who attended a CRF as this is where DXA scans were un-
dertaken. It is possible that this restriction may have introduced bias as
participants who attended a CRF were less likely to be obese and more
likely to be in better health than those who were visited at home [34].
Lastly, our study population comprised Caucasian men and women inearly old age and although we stratiﬁed our analyses by sex [15], hip
shapes are also likely to vary by age and ethnicity [35]. However, a ben-
eﬁt of this is thatwe can be conﬁdent that our ﬁndings are not explained
by confounding by age or ethnicity and, as the sample has remained
broadly representative of the population from which it was drawn
[34], they are likely to be generalisable to the UK population born at a
similar time.
5. Conclusion
Our results suggest that BMI across adulthood is associated with
speciﬁc variations in hip shape at age 60–64. Future prospective studies,
especially those with repeat measures of fat and lean mass across life
and with data on outcome measures relating to the hip joint (e.g. hip
OA, osteoporotic hip fracture) are required to conﬁrm these ﬁndings
and assess their clinical implications.
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